Abstract-The bilevel driving technique has realized a 2-D control of the luminosity and emitted color of white LEDs with duty cycle and forward current levels. Unfortunately, various combinations of these dimming control parameters can lead to significant changes in junction temperature, which further modify the luminosity and emitted color of LEDs. In this paper, the theoretical aspects of these complex interactions and the impact of bilevel drive on the color-shift properties of white LEDs are discussed in detail by using a mathematical color-shift model. Two color-shift reduction methods are proposed based on the insights obtained from this model. This study shows that a heat sink's thermal resistance that minimizes the overall color shift over dimming can be uniquely determined from the knowledge of some measurable LED parameters, and gives rise to a global minimum color shift. If such a thermal resistance cannot be realized due to practical limitations, the second method that utilizes an adaptive change of forward current levels over dimming can be adopted. Based on their nature, these methods are classified as stationary and adaptive methods, respectively. Their validity is supported by experimental measurements on a commercial white LED.
I. INTRODUCTION
W HITE light-emitting diodes (white LEDs) based on phosphor conversion of blue LEDs have attracted a significant degree of attention since the last decade as a potential substitution for conventional, century-old white light sources including incandescent and fluorescent lamps. In general, on the suitability for dimming, conventional light sources based on heated filament commonly suffer from a major drawback that a minimum surface temperature must be maintained at the lamp's filament for proper operation [1] ; hence, a full-range continuous dimming is typically not possible. For example, incandescent lamps can only be dimmed to a minimum temperature below which the tungsten filament will mostly emit infrared light that is invisible to human eyes and the lamp will appear to have extinguished. For fluorescent lamps, the filaments at the electrodes must be heated continuously to ensure a sufficient emission of free electrons for maintaining the plasma's conductivity. This is normally achieved by self-heating from the plasma, except when the lamp is dimmed to a very low luminosity during which an external circuitry will be required to provide the heating power to prevent the lamp from extinguishing [2] - [4] . This has increased the complexities and costs of the lamp ballasts designed with a wide dimming range.
In contrast to conventional light sources, the absence of this drawback in solid-state lamps such as white LEDs makes them exceptionally well suited for dimming applications. Once the threshold voltage is exceeded, LEDs can be continuously operated from zero up to the maximum allowable forward current specified by the manufacturers; therefore, a full-range continuous dimming can be achieved by varying the forward current amplitude directly, i.e., amplitude modulation (AM). Since LEDs are capable of responding extremely fast to time-varying currents, they can also be operated by pulsating current where the peak forward current is fixed in amplitude and dimming is achieved by varying the pulse's duty cycle, i.e., pulse width modulation (PWM). From a previous study [5] , it has been verified that, among the two methods discussed, a higher luminous output and better color stability over dimming are obtained with AM, but it gives rise to a nonlinear dimming profile due to the saturable luminous output characteristic of LEDs at large forward currents [6] - [9] . Dimming the LEDs with PWM linearizes the dimming profile but at the penalties of lower luminous output and more significant color shift over dimming.
The bilevel driving technique has been proposed recently by the authors to mitigate some of the problems inherent with AM and PWM dimming [10] , [11] . It is aimed to improve the luminous output of LEDs by introducing a second current level (dc offset) into the conventional PWM waveform, forming a bilevel current, while the linearity of dimming is maintained by duty-cycle control of the duration of each current level. Technically, the use of two current levels implies that a 2-D dimming is possible with both current levels and duty cycle as the dimming control parameters. With this approach, various combinations of these parameters can give rise to the same required average forward current, but clearly the luminous output and emitted color will vary in each case depending on the specific parameter values being chosen. The impact of bilevel dimming on the luminous performance of white LEDs was discussed in depth previously [10] , [11] , but its impact on another important performance indicator, the color stability over dimming, has not been addressed. Due to the strong dependences of the peak-emission-wavelength shift property of white LEDs on the forward current amplitude and junction temperature [12] - [14] , their color-stability performance over dimming is anticipated to be a complex function of current levels, duty cycle, and the specific thermal design implemented.
In this paper, we begin with an experimental characterization of the chromaticity properties of white LEDs under various forward current levels and junction temperatures, followed by a theoretical study of the generic color-shift properties of white LEDs under bilevel dimming. The theoretical background related to the impact of this dimming approach on the color stability of white LEDs is discussed by using a simplified mathematical color-shift model to be developed in Section III. The model reveals the two possible approaches, stationary and adaptive, for reducing the overall color shift over dimming by means of a guided selection of heat sink's thermal resistance and current levels. In Section IV, the details of the stationary and adaptive color-shift reduction methods are further developed and experiments are conducted on a commercial white-LED sample to verify the proposed concepts.
II. CHARACTERIZATION OF CHROMATICITY PROPERTIES OF WHITE LEDS
In this section, an experiment was conducted to observe the color-shift properties of a commercial white LED, LUXEON K2, under the influences of the dc forward current and junction temperature changes. The same experiment was conducted on another white-LED sample, XLAMP XREWHT-L1, produced by CREE and similar observations were found; therefore, the results will not be discussed here to avoid duplication. The measurements were conducted using the experimental setup described in the following. To isolate the effects of forward current level and junction temperature, the LUXEON K2 white-LED sample is mounted on a thermoelectric heater/cooler, acting as an active heat sink, so that the junction temperature can be controlled independently. The heat sink's temperature T hs required to generate a desired junction temperature T j for a given forward current level I f can be estimated using the thermal resistance model described by (1) , where k h is the portion of input electrical power V f · I f is dissipated as heat. According to this model, for each forward current level, the heat sink's temperature was adjusted to a value estimated from the LED's junction-to-case temperature drop, which, in turn, is determined from the product of the known junction-to-case thermal resistance R j -c (from datasheet) and the measured forward voltage V f and current I f . In general, k h is not constant but varies nonlinearly with the power level of LED [15] . For LUXEON K2, the measurements in [15] showed that k h varies gradually from 0.85 to 0.90 for 67-100% of the rated power. Although experimental data are not available for <67% of the rated power, the variation in k h is expected to be smaller in degree considering that the efficacy "droop" effect is not predominant at small forward currents and the luminous efficacy is approximately constant. Therefore, for the convenience of computation, a constant value of k h = 0.85 is used in this study, but the results are computed based on this assumption and the theory proposed in Section III should be subjected to fine-tuning when implemented in practice. Since thermal paste is used between the LED's case and the heat sink, R c-hs is assumed to be small compared to the junction-to-case thermal resistance R j -c of the LED, 9
• C/W, specified in the datasheet [16] :
For optical measurements, the heat sink and LED assembly are housed inside a closed light chamber (to avoid interference from ambient light), where the emitted light from the LED is detected by a miniature fiber optic spectrometer USB4000 produced by Ocean Optics. The measured tristimulus values X (red), Y (green), and Z (blue) are then used to calculate the chromaticity coordinates (x, y, z)
, and z = 1 − x − y, from which the chromaticity coordinates x, y, and z can be viewed as the normalized degree of stimulation of the red, green, and blue cones of human eyes, respectively. In a dichromatic white light, since the degree of stimulation of the red and green cones, x and y, both originate from the phosphor-converted yellow light, they are expected to vary in phase with each other, as verified in Figs. 2 
III. SIMPLIFIED COLOR-SHIFT MODEL UNDER BILEVEL DRIVE
In this section, a simplified mathematical color-shift model will be derived for the case when an LED is driven/dimmed by bilevel current. By definition, bilevel current is a PWM-like current that pulsates between a higher current level I H and a lower nonzero current level I L , and duty cycle D is the duration of I H normalized to the pulse repetition time. Mathematically, the average forward current I f and chromaticity coordinates (x, y) of the LED at steady state are described in (6)- (8), shown at the bottom of this page It can be seen from (7) and (8) that the chromaticity coordinates (x, y) approach the values corresponding to I H and I L at large and small duty cycles, respectively, but mix nonlinearly at intermediate duty cycles. To account for this nonlinear colormixing behavior, one needs to resolve to the use of numerical calculations for an exact description of the color-shift properties under bilevel dimming, while an analytical formulation of the model is desired to provide direct insights on the physical parameters that affect the color-shift properties. Since the latter is the objective of this study, approximations to (7) and (8) should be sought in order to facilitate a further development of the model in a more useful analytical form. (9) and (10) . It is clear from the figures that the errors produced by the linear approximations are significant when I H is significantly higher than I L , but, as expected, the discrepancies decrease as the difference between I H and I L is narrowed. If one can constrain the relative magnitude between I H and I L to within a reasonable size as governed by individual types/brands of white LEDs, the simplified model to be derived in the following steps will serve the purpose of generating a qualitative view of the impacts of forward current level and junction temperature on their color-shift properties, and become the basis for a further development in Section IV. Therefore, noting the constraint described earlier, (7) and (8) are substituted with (9) and (10) in the subsequent derivation:
Since both I H and I L are fixed in amplitude, (7) and (8) can be rewritten as
which simplify (x, y) to functions of the duty cycle D and LED's junction temperature T j only. When both D and T j undergo small changes, the corresponding change in x (and similarly for y) is given by
where
Substituting (14) into (13) gives
From Fig. 3 , it can be seen that, to a very good approximation, both x and y are linear functions of T j and the lines for different current amplitudes are nearly parallel to each other. Therefore, the following assumption is made:
By using this assumption and making the substitutions Δx = (x H − x L ) and Δy = (y H − y L ), one obtains the following simplified equations for dx and dy :
In general, the color shift of a light source is measured by the geometrical distance of a color point (x, y) from a predetermined reference, as given by
Substituting (17) into (18) gives
Further simplifications can be made to (19) by recognizing the in-phase relationship between x and y (as verified by Figs. 2 and 3). They represent the degree of stimulation of the red and green cones of human eyes, respectively, both of which originate from the blue-induced phosphor emission from the white LED. Hence, two constants α and β can be introduced and substituted into (20) - (22):
For an LED mounted on a fixed heat sink, T j is determined by the the total heat dissipated and the total junction-to-ambient thermal resistance R j -a , as given by (28), where
Since the total heat dissipated is related to the average electrical power delivered to the LED, hence the duty cycle, by intuition (19) can be reformulated as a single-variable function in D if the ambient temperature T a is constant over the course of dimming, i.e. dT a = 0. Differentiating T j with respect to D gives
By substituting (29) into (19) , the functional dependence of on D is obtained. Integrating (30) shows a linear relationship between and D as f (Ω) is constant and depends on R j -a and the difference in current levels ΔI = (I H − I L ) only:
It should be noted that the simplified model does not include the following effects. First, the junction-to-case thermal resistance R j -c of LED, which constitutes R j -a , is not constant but depends on several factors such as the heat sink's thermal resistance and orientation, LED size and mounting structure, and the ambient temperature [15] . These collective effects, however, are difficult to be modeled mathematically. Second, experimental data show that, to a good approximation, the forward voltage of LED varies inverse proportionally with T j [17] , Since the simplified color-shift model is only aimed at providing the required insights to the discussion on color-shift reduction methods in Section IV, such complexities are avoided in the derivation.
IV. COLOR-SHIFT REDUCTION METHODS BASED ON BILEVEL DRIVE
For the comfort of human vision under illumination, the color point of a light source must not vary significantly over the course of dimming. For example, the color variations of fluorescent lamps on the CIE 1960 uniform chromaticity dia- gram are usually specified to within Δ (uv) = 0.003 to ensure that the color difference is not noticeable by average human eyes [18] . For high-end applications such as LCD backlighting, an even more stringent requirement of Δ (uv) = 0.002 is demanded [19] , [20] . Although these limits are commonly specified in CIE 1960 (u, v), the older coordinates CIE 1931 (x, y) were used in Section III to enable a simplification of the model by adopting the linear ∂ (x, y) /∂I f and ∂ (x, y) /∂T j characteristics, which is not available with (u, v). In practice, Δ (uv) cannot be transformed directly from Δ (xy) but it must be computed stepwise through the following mapping equations, where (u 0 , v 0 ) denotes the reference color point:
Fig . 5 shows the measured color shifts of the LUXEON K2 white-LED sample under dc, PWM, and bilevel driving/dimming. For the PWM case, the peak current is fixed at 1000 mA, and for the bilevel case, I H and I L are fixed at 1000 mA and 200 mA, respectively. It can be seen that the limit of Δ(uv) = 0.002 can be easily exceeded when the LED is driven/dimmed by PWM. The situation is improved when bilevel current is used, although the limit is still exceeded over part of the dimming range. The best color stability is achieved when the LED is driven/dimmed by dc current, but, as discussed before, this leads to a nonlinear dimming profile due to the saturable luminous output characteristic of LEDs. On the other hand, the advantage of linear dimming by PWM is largely offset by the disadvantages of poor color stability and low luminous output. It can be shown that, with suitably selected operating parameters, an LED driven by bilevel current has a surpassing color-stability performance compared to PWM while maintaining a linear dimming profile and delivering higher luminous output.
In accordance to (29) and (30), the degree of color shift of an LED driven/dimmed by bilevel current is affected by the parameter Ω, which in turn is a function of the junction-toambient thermal resistance R j -a and the difference in current levels ΔI = (I H − I L ). One can deduce that f (Ω) should be decreased as much as possible in order to minimize the overall color shift of an LED over dimming. In practice, this must be realized by appropriate selections of R j -a and ΔI. Based on these implications, two color-shift reduction methods can be proposed, as will be discussed next.
A. Stationary Method
This method focuses on the selection of R j -a that minimizes the overall color shift over dimming. One can understand the validity of this method by considering the two aspects of peakemission-wavelength shift of an LED under bilevel drive. In general, an increase in current amplitude and junction temperature leads to a more significant blue-shift and red-shift in the peak emission wavelength, respectively [14] . On the first aspect, as the LED is dimmed by decreasing the duty cycle from D = 1 to D = 0, the degree of blue-shift is gradually reduced as the contribution of I H decreases and I L becomes increasingly dominant. This continues until a minimum blue-shift is attained at D = 0 and I f = I L . On the second aspect, dimming the LED from D = 1 to D = 0 leads to a decrease in junction temperature, which is accompanied by a reduction in the degree of red-shift until a minimum red-shift is attained at D = 0 and I f = I L . Since the wavelength shifts due to current amplitude and junction temperature change constantly act in opposite directions and compensate each other, as verified by the measured data in Figs. 2 and 3 , it is intuitively valid to propose a method for controlling the rate of junction temperature change to ensure that it induces a certain degree of red-shift that "correctly" balances the degree of blue-shift induced by a given change in current amplitude. This can be achieved by means of selection of R j -a .
According to (30), solving f (Ω) = 0 gives the value of Ω that minimizes d (since λ 3 > 0), as follows:
It is implied in (34) that when the difference in current levels ΔI = (I H − I L ) is decreased, and results in a smaller Δx, a smaller Ω| minf should be chosen so that the red-shift due to junction temperature change does not overcompensate the reduced blue-shift due to a smaller ΔI. Finally, from (29) Therefore, for a given choice of (I L , I H ), the required total junction-to-ambient thermal resistance can be obtained from (36), from which the required heat sink's thermal resistance R hs-a can be estimated if the junction-to-case thermal resistance R j -c of the LED is known (from datasheet). It should be noted that (36) is not meant to be used for exact calculations as it has not included the various nonlinear effects discussed earlier. However, it should provide the insights on how the heat sink's thermal resistance should be chosen for a given ΔI = (I H − I L ) for color-shift minimization. In practice, to achieve this objective, some fine-tuning will be required to account for these nonlinear effects. Once the required heat sink's thermal resistance has been identified, it requires no further adjustment until a new (I L , I H ) is defined; therefore, this method is stationary by nature.
For an illustration of this method, the color shift Δ(uv) of a white-LED sample (LUXEON K2) mounted on different heat sinks was measured under different drive conditions. The measured data are shown in Fig. 6(a) , and the calculated values are shown in Fig. 6(b) 
It can be seen from Fig. 6(b) that the theoretical "optimum" thermal resistance value does produce the smallest predicted color shift among the three thermal resistance values considered. However, since the model considers only the initial and final chromaticity coordinate values and assumes a linear interpolation between them for the computation of the intermediate coordinate values, it fails to predict the nonlinear behavior of the color-shift trajectory over the course of dimming. From this perspective, the mathematical model can be conceptualized as an approximation that produces an average color-shift representation of the actual trajectory, which, understandably, is a natural consequence of the linear approximations adopted in (9) and (10) . More accurate approximations to (7) and (8) are needed to resolve the disagreement between experimental measurements and model calculations.
In Fig. 6(a) , it is interesting to observe the local minimum points that exist in the measured color shifts for R hs-a = 1.0
• C/W and R hs-a = 4.0 • C/W. As the LED is dimmed from 1000 mA, the change in duty cycle alters the mixing ratio between the color contributions from I H and I L and leads to a color shift, which is partially compensated by the opposing effect imposed by a corresponding change in junction temperature. The local minimum points represent the conditions under which these two opposing effects have attained the optimum balance. The balance is upset when the LED's operation departs from these conditions. It should be noted that the color stabilization mechanism by the opposing effects of forward current level and junction temperature is not existent for PWM dimming, as it has current levels (0, I H ) that are fixed over the course of dimming; hence, the color shift due to junction temperature change is left uncompensated in the absence of an opposite shift due to current amplitude change. The impacts of AM and PWM dimming on the color shift of white LEDs are discussed in [22] and [23] based on experimental measurements. However, the effects of current amplitude (or duty cycle) and junction temperature were not carefully distinguished in these studies. These issues are addressed in our recent work [5] . For a more generalized approach to driving/dimming white LEDs, it is advantageous to operate them with two dimming control parameters, i.e., duty cycle and current levels [10] , [11] , for an improved color-stability performance.
B. Adaptive Method
In general, the stationary method should be adopted when the choice of thermal resistance value is not restricted. This is, however, not possible in many practical applications because the available choices are often limited by the volume, weight, geometry, orientation, and even cost constraints being imposed on the lighting system. Under these constraints, the thermal resistance value closest to the one predicted by (36) should be chosen, while, according to (29) and (30), a further colorshift reduction can be accomplished dynamically by an adaptive change of ΔI = (I H − I L ) with duty cycle over dimming. The concept can be explained by the illustrative example shown in Fig. 7 .
Assume that an LED is dimmed from D = 1 with an initial Ω (= Ω 1 ), which is defined by the initial current-level difference (ΔI) 1 and a heat sink's thermal resistance R hs-a that causes the color shift of the LED to increase beyond the allowable limit lim over part of the dimming range. By using the color point at I f = I max as reference, the color shift of the LED will increase along line 1 as D is decreased, until the limit lim is reached at A. To prevent the color shift from increasing further, a new Ω (= Ω 2 ) can be defined such that the dimming path will continue from A on line 2, which gives rise to a reduced color shift located away from the limit. Technically, since R hs-a is constant, this can only be achieved by selecting a new current-level difference (ΔI) 2 . The selection of (ΔI) 2 is, nevertheless, not arbitrary. To ensure a smooth transition from line 1 to line 2, the same average forward current must be maintained while ΔI is varied from (ΔI) 1 to (ΔI) 2 , implying that I H and I L must be adjusted concurrently as governed by
A closer look at the functional form of f (Ω) suggests that ΔI can be either increased or decreased during this step since there are two approaches by which the color shift can be reduced, as shown by Fig. 8 , depending on the location of the initial operating point. Physically, this means that the initial mismatch between the selected heat sink's thermal resistance and current levels could result in an underor overcompensation between the color shifts induced by current amplitude and junction temperature changes. The nature of this mismatch will determine the initial point in the color-shift trajectory.
With the new current-level difference (ΔI) 2 , the color shift will now increase along line 2 as D is further decreased, until the limit lim is reached at B. At this point, a new ΔI, (ΔI) 3 , is required and can be selected in the same manner as before. This procedure should be repeated until the minimum duty 
As a result of these steps, the overall color shift of the LED is constantly restricted below the limit by varying ΔI dynamically over the course of dimming. In practice, to realize this method, the instances of A and B can be found by initial calibration and the corresponding ΔI's are programmed into the dimming controller circuitries of LED drivers. In comparison to the stationary method, this method is considered adaptive by nature.
The LED driver shown in Fig. 9 is used to verify the proposed method. It is based on buck topology with an adjustable reference current. In this experiment, the LED is dimmed from D = 1 in steps of ΔD = 0.1, with the reference current initially set to pulsate between I H = 1000 mA and I L = 200 mA at 400 Hz. By using the color point at I f = 1000 mA as reference, the chromaticity coordinates of the emitted light are monitored by a fibre-optic spectrometer, USB4000 produced by Ocean Optics, and the color shift Δ (uv) are calculated for each measurement point to check if the limit Δ (uv) = 0.002 is exceeded. When the color shift increases beyond this limit, I H and I L are adjusted concurrently while keeping the average forward current unchanged, and the new color shift is calculated and checked against the limit. These steps are iterated until the color shift resides below the limit. When this condition is satisfied, the LED is further dimmed by decreasing the duty cycle until the limit is again exceeded, during which a search for new I H and I L is initiated and performed in the same manner as aforementioned. These steps are repeated until D = 0 is reached. Fig. 10 shows the color shift measured with and without using the proposed adaptive method. When the adaptive method is not used, I H and I L are fixed at 1000 mA and 200 mA, respectively, Fig. 9 . Buck-based LED driver with an adjustable reference current to be used for verifying the proposed adaptive color-shift reduction method. over the entire dimming range, where the color shift is observed to increase beyond the limit Δ (uv) = 0.002 for D ≤ 0.5. To keep the color shift below the limit, ΔI is narrowed to 400 mA at D = 0.5 and 130 mA at D = 0.4. For D ≤ 0.3, ΔI is reduced to zero; hence, dimming is achieved by AM in this region. Therefore, it is shown that, with a given thermal design, a further reduction in the overall color shift over dimming is possible by adaptively adjusting the combination of current levels and duty cycle. However, the improved color stability is achieved at the drawbacks of added complexity of the control circuitry and the necessity for calibration in order to identify the required values of ΔI under various duty cycles or dimming conditions. For implementation, a digital signal processor (DSP) is typically required for storing the LED's chromaticity information and computing the required forward current levels I H and I L based on the sensed LED's voltage, current, and case temperature.
V. CONCLUSION
The color-shift properties of phosphor-based white LEDs under bilevel drive were discussed using a simplified mathematical color-shift model developed in this study. It was shown that the color-stability performance of a bilevel-driven LED over dimming is a result of the complex interactions between the selected current levels, duty cycle, and junction temperature (hence thermal design). In the model, these complex interactions were conveniently summarized in a single function f (Ω) that is subject to minimization for an optimum color stability. The dependences of Ω on the heat sink's thermal resistance and the difference in current levels indicate the two possible approaches for color-shift reduction over dimming. For some preselected current levels, a heat sink's thermal resistance that minimizes the overall color shift can be uniquely identified. Since this method gives rise to a global minimum color shift, it should be adopted whenever possible. When the choices of heat sink's thermal resistance and current levels are restricted, a reduction in color shift is still possible by adaptively adjusting the combination of current levels and duty cycle over dimming. The theoretical details of both methods were presented and discussed in detail, and their validity was verified by experimental measurements. The availability of 2-D control of luminosity and color stability with bilevel drive renders it an attractive driving/dimming method that encompasses the all-round benefits of linear dimming, improved color stability, and higher luminous output.
Although the issue of phosphor's aging is not explicitly considered in this study, it is believed that, since the wavelength shift due to forward current level and junction temperature changes is a physical and well documented phenomenon, the cancellation between the blue-shift and red-shift effects on the dominant wavelength (≈460 nm), which is the key factor leading to color stabilization, is operative under all phosphor's aging conditions. Therefore, when the dominant wavelength's shift is minimized by the proposed methods, the phosphor, aged or nonaged, will be excited by the same stabilized dominant wavelength at all time. Despite that different colors may be emitted by aged and nonaged phosphor when excited by the same dominant wavelength, the degree of color shift over dimming under a given phosphor's aging condition will remain governed by the methods reported in this study. This proposition will be verified in a future work. 
